1. Introduction {#s0005}
===============

*Rheum coreanum* Nakai is a perennial plant indigenous to DPR of Korea ([@b0060]). The rhizome and root of this plant have been generally used a stomachic, antidote, cathartic and hemostatic in the traditional medicine of DPR of Korea. On the other hand, Rheum species is useful in the treatment of hemorrhoid ([@b0020]), inflammation ([@b0065]), pass kidney stones ([@b0025]), and diabetes disease ([@b0075], [@b0155]). It also shows anti-allergic ([@b0115]), antidyslipidemic ([@b0120]), antifungal ([@b0010]), antimicrobial ([@b0080]), antioxidant ([@b0145]), anti-platelet ([@b0005]), antiviral ([@b0030]), cytotoxic ([@b0090]), hepatoprotective ([@b0070]), and hypoglycemic ([@b0130]) activities, and immuno-enhancing ([@b0085]), and renal function improving ([@b0015]) effects. Its demand has increased in connection with the antivirus and anticancer activities of anthraquinone derivatives, which have recently been known ([@b0105], [@b0110]). The contents of free anthraquinones, total anthraquinones and combined anthraquinones in roots were higher than in other organs, that is, their contents in the underground part were much more than those of the aerial parts. A previous study reported the content of anthraquinone derivatives in the rhubarb processed with *R. coreanum* was higher than the rhubarb processed with other Rheum species such as *Rheum palmatum*, *Rheum officiale* and *Rheum undulatum*. ([@b0135]) However, natural resources of *R. coreanum* were exhausted due to the lower propagation rate of this plant distributed at limited areas of high mountain tops (more than 1.500 m above the sea) and over collection for a long time. The plant, a polar plant, is damaged by insects ([@b0095], [@b0185]) and changed into metamorphosis when cultivated in lower regions. Rheum species may be propagated by sexual reproduction with seeds that produce hereditary non-uniformity generations since it is the cross-fertilization plant and by vegetative reproduction with single lateral buds that are propagated very slowly ([@b0135], [@b0165]).

Plant tissue culture techniques offer a powerful tool for germplasm conservation and mass multiplication of many threatened plant species, and also offer an alternative to manufacture economically important secondary metabolites such as flavors and pharmaceuticals within controlled laboratory environments ([@b0035], [@b0050], [@b0150], [@b0140], [@b0190]). An efficient callus proliferation system for *Rheum franzenbachii* Munt., a rare medicinal plant, has been developed because of its demand ([@b0150], [@b0190]). Therefore, we designed that resources of *R. coreanum* would be created at mountainous regions (1.000--1.500 m above the sea, 10--18 °C in summer), which adapt to the growth condition of *R. coreanum*. The aim of this work is to study the possibility of rhizome tissue culture technology for the clonal mass propagation of *R. coreanum* on mountainous regions.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Whole plants were selected and collected as vigorous individuals free from blights and harmful insects among wild plants of *R. coreanum* grown on the top of Mt. Langrim (1.540 m above the sea) in the northern extremity of Province of Jagang, DPR of Korea and were used as initial materials in this study.

2.2. Preparation of an explant segment {#s0020}
--------------------------------------

Stem tip, young leaf, rhizome and root tip were separated from the whole plants. After washing the separated parts of the plant under running tap water, the explants were surface-sterilized by washing with 75% ethanol for 30 s and undiluted sodium hypochlorite with the pH adjusted to 6.8--7.0 using hydrochloric acid (HCl) for approximately for 3 min. Subsequently, the Stem tip, young leaf, rhizome and root tip were washed five times with sterile distilled water and cut it into the size of 10--15 mm^3^ in capacity.

2.3. Induction of callus on the explant segments of different organs {#s0025}
--------------------------------------------------------------------

Explants were placed to germinate in Petri dishes containing MS medium with half strength of macronutrients, 0.8% agar and 3% sucrose (pH 6). The medium also contained different kinds and concentrations of plant growth regulators. The pH of the media was adjusted to 5.6 prior to autoclaving for 15 min at 120 °C. Subsequently, they were incubated at (25 ± 1 ) °C and 60--70% relative humidity under a 14 h photoperiod by cool-white fluorescent lights (36.0 μmol m^−2^ s^−1^) for 25 days.

2.4. Callus multiplication culture of rhizome segments {#s0030}
------------------------------------------------------

The rhizome segments were incubated in MS liquid medium containing various kinds and concentrations of plant growth regulators. Cultures were kept in a growth chamber at (25 ± 1) °C and 30 rotations/min under a 14 h photoperiod by cool-white fluorescent lights (36.0 μmol m^−2^ s^−1^) for 28 days in order to form the callus. For fresh weight determination (FW), twelve callus pieces were harvested from each treatment and weighed, with the dry (DW) being determined after lyophilization. These parameters were recorded after 4 weeks of culture. Then multiplication rate of the callus was measured.

2.5. Differentiation of callus {#s0035}
------------------------------

Callus segments cut into the size of 15--20 mm^3^ in capacity were transplanted on MS medium (pH 6) containing 0.8% agar and 3% sucrose, supplemented with the different kinds and concentrations of plant growth regulators 0.2 mg/l and 0.5 mg/l NAA in combination with three concentrations of BAP (1, 2 and 3 mg/l) or each BAP alone (1 and 2 mg/l) and cultivated at (25 ± 1) °C under a 14 h photoperiod by cool-white fluorescent lights (36.0 μmol m^−2^ s^−1^) for 28 days. Plantlets were transplanted on root different medium and cultivated at the same condition for 30 days, then the number and the length of a root were measured.

2.6. Transplantation of plantlet to soil {#s0040}
----------------------------------------

The stopper of a cultured bottle was open for 3--4 days, then the plantlets with 3--5 roots (length 2--4 cm) were taken off from the cultured bottle and transplanted on a nursery with sterilized soil, and were adapted to low humidity and sunshine for about 20 days. Adapted plantlets were transplanted at a distance of 1 m between the plants to the mountainous region (more than 1.000 m above the sea).

2.7. The extraction and analysis of anthraquinones {#s0045}
--------------------------------------------------

0.3 g of samples was extracted using the mentioned method with a slight modification ([@b0040]). The extract was cooled rapidly and filtered, acidified with concentrated hydrochloric acid and refluxed for 1 h. The solution was cooled and extracted with chloroform. The anthraquinones in the chloroform layer were used for an analysis. Determination of total anthraquinone and sennoside by spectrometry was performed at 500 nm with 1, 8-dihydroxyanthraquinone as standard substance.

2.8. Statistical analysis {#s0050}
-------------------------

All the above experiments were independently repeated three times (each with 30 explants) under the same conditions. Data were evaluated using an analysis of variance from which mean ± standard error values were computed for comparison between treatments. An analysis of variance (ANOVA) followed by Duncan's multiple range test for mean comparison at a 5% probability level was used to test statistical significance.

3. Results and discussion {#s0055}
=========================

3.1. Induction of callus from different organs of the plant {#s0060}
-----------------------------------------------------------

Rhizome among various organs of the whole plant is an excellent explant for callus induction. A combination of plant growth regulators had successfully induced the formation of callus culture from many higher plants ([@b0055], [@b0100]).

Manipulation by plant growth regulators is essential to optimize callus induction. In this study, the effect of different concentrations of auxins (2.4-D, NAA and IBA) and cytokinin (BAP and kinetin) on callus induction was investigated.

To determine the inducing rates of the callus on different organs of *R. coreanum*, and kinds and the optimal concentrations of plant growth regulators, four organs including stem tip, leaf, rhizome and root top, and three plant growth regulators with different concentrations were used. The concentration of 0.2 mg/l 2.4-D in the medium reached the optimal inducing rate in rhizome but the maximum inducing rate of leaf was obtained in the medium with 0.2 mg/l NAA. The inducing rate of stem tip was more than 80% in the medium with the concentrations of 0.2 mg/l and 0.5 mg/l 2.4-D ([Table 1](#t0005){ref-type="table"}). The use of plant growth regulators is of fundamental importance in directing the organogenic response of any plant tissue or organ under in vitro conditions ([@b0170]).

3.2. Effects of plant growth regulators on callus growth of rhizome segment {#s0065}
---------------------------------------------------------------------------

Several studies had been reported regarding the effects of plant growth regulators on callus growth of different plant species ([@b0125]). When using different concentrations in single auxin treatment, the addition of 2.4-D increased the growth in the rhizome callus of *R. coreanum* with the maximum at 0.2 mg/l of 2.4-D, but increasing the levels of 2.4-D suppressed the callus growth ([Table 2](#t0010){ref-type="table"}).

A combination of cytokinin BAP at 0.2 mg/l with the best auxin treatment (0.2 mg/l 2.4-D), produced profuse amounts of whitish and friable callus ([Table 2](#t0010){ref-type="table"}). When kinetin was used instead, the amount of biomass recorded lowered than that of the best BAP (0.2 mg/l) ([Table 2](#t0010){ref-type="table"}).

The callus multiplication rate of explant segments and callus segments induced from rhizome reached 150 times more than in the fresh weight of the callus, when cultivated in MS liquid medium containing 0.2--0.3 mg/l of 2.4-D at (25 ± 1) °C and 30 rotations/min under light exposure for 28 days. In this study, although the control was cultured in medium without plant growth regulators, after 28 days of culture, multiplication rates were somewhat recognized. A particular interaction was observed between 0.2 mg/l 2.4-D and 0.2 mg/l BAP.

The accumulation of biomass in the cultured callus yielded the highest amount of biomass, 2nd subculture from the primary culture ([Table 3](#t0015){ref-type="table"}). From the start to the end of 2nd subculture, the growth curve revealed that there was no increase in the amount of cells in the culture, indicating that the culture was going through a lag phase. There was a reduction of biomass profile on 3rd subculture.

3.3. Study of callus organogenesis and plant regeneration {#s0070}
---------------------------------------------------------

After 1 week in the callus induction medium, the explants started to swell. For those growing in the MS basal medium without auxin (control), no little callus was induced even after 30 days, indicating that plant-growth regulators are required for callus induction. Single BAP or the combination of BAP (1, 2 and 3 mg/l) and NAA (0.2 mg/l) in medium promoted the differentiation of shoot from the callus, but increase in the concentration of NAA slightly suppressed the differentiation.

The medium with BAP and NAA produced differentiated shoots from the callus. In the 2 mg/l BAP and 2 mg/l NAA culture medium assayed, differentiated shoots from the callus appeared after 4 weeks of culture, and developed adventitious shoots ([Table 4](#t0020){ref-type="table"}).

The optimum condition of shoot formation on rhizome callus segments was to culture on the MS agar medium containing BAP 2 mg/l and NAA 0.2 mg/l. The adventitious shoot development was also observed after 28 days of culture ([Table 4](#t0020){ref-type="table"}). In the present experiment, BAP alone was able to induce adventitious shoot regeneration, whereas a combination of BAP and NAA of a high concentration (0.5 mg/l) appeared to have a suppressive effect on shoot differentiation ([Table 4](#t0020){ref-type="table"}). These results confirm the strong propensity of callus pieces grown on media with a high BAP concentration to develop organized structures. BAP plays a key role in plant regeneration in vitro ([@b0045], [@b0195]).

Small callus pieces were cultured separately in the MS medium supplemented with various auxin and cytokinin in combination with three concentrations. Auxin exerts more favorable influence than cytokinin on rooting of shoots. NAA and IBA among auxin induce strong rooting of shoots. Different types and concentrations of plant growth regulators are known to have different effects on growth and developmental processes ([@b0160]).

[Table 5](#t0025){ref-type="table"} shows the plant growth regulators have capacity and tendency in the callus growth to develop organogenesis. After 30 days, the callus became whitish-yellow and friable, with this indicating that types and concentrations of the different auxin and cytokinin played important roles in callus induction and proliferation ([Table 5](#t0025){ref-type="table"}).

Finally, for the effect of the NAA and IBA on cell growth and inductive rate, the ratio of NAA to IBA was varied in the basal medium. The results showed that the optimum culture medium of root formation on shoots and plantlets induced from the rhizome callus was the medium containing NAA 0.2--0.5 mg/l and IBA 0.5 mg/l. Further investigation on the ratio of NAA to IBA showed that when IBA was added into the single auxin of different concentrations, inductive rates of root formation were different ([Table 6](#t0030){ref-type="table"}).

We found that MS supplemented with single auxin, 2.4-D at 0.2 mg/l, produced the highest biomass for compact callus while the combination of NAA 0.2--0.5 mg/l and IBA 0.5 mg/l yielded the highest inductive rate of root formation.

3.4. Transplantation of plantlet to soil and anthraquinone compound production {#s0075}
------------------------------------------------------------------------------

Transplantation of plantlet to soil was observed. Established rate on the mountainous region of plantlets induced from rhizome explant segments has reached 95%. The diagram of tissue culture propagation of *R. coreanum* rhizome performed in this study is shown in [Fig. 1](#f0005){ref-type="fig"}. Different carbon sources including sucrose and sugar were best for anthraquinone yields in cell suspension cultures of various plants ([@b0200], [@b0175]). Sucrose is commonly the most favorable carbon source for cell growth ([@b0040]). In addition, both increasing levels of myoinositol and vitamin free medium suppressed anthraquinone formation, but the addition of increasing concentrations of vitamins promoted callus growth ([@b0040]). A comparison of yield and content of anthraquinone in crude drug processed from *R. coreanum* produced by multiplication methods was observed ([Table 7](#t0035){ref-type="table"}). When rhizome of *R. coreanum* was cultured, the total anthraquinone yield was higher than in other treatments. This observation showed that there was an absolute requirement for plant growth regulators for anthraquinone production. The other plant species, from the tissue culture of *Cassia tora* L. were isolated and identified three anthraquinones and reported that the maximum anthraquinones content in a fresh weight basis was 0.334% which is higher than the content of total anthraquinones in dry seeds ([@b0180]).

4. Conclusion {#s0080}
=============

For a rapid creation of mountainous resources of *R. coreanum*, a rare medicinal plant growing in DPR of Korea, an efficient callus proliferation system was developed by rhizome tissue culture of it.

The results reported here indicated that the clonal mass propagation of *R. coreanum* could be obtained by rhizome tissue culture. MS supplemented with single 2.4-D (0.2 mg/l) produced the highest biomass for the compact callus. The shoot formation on rhizome callus segments was created by the optimum condition, which was cultured on the MS agar medium containing BAP (2 mg/l) and NAA (0.2 mg/l), while the combinations of NAA (0.2--0.5 mg/l) and IBA (0.5 mg/l) yielded the highest inductive rate of root formation. The plantlets transplanted on mountainous region were successfully acclimatized and contained the high levels of anthraquinones than those obtained by the other propagation methods. Generally it could be concluded that mass-propagated hereditary uniform, virus-free young plants can be obtained by only rhizome tissue culture, and mountainous resources of *R. coreanum* can be made by transplantation of young plants. This study might provide new opportunities for clonal propagation of *R. coreanum* and in vitro-formed rhizomes might be an important source of disease-free planting material.
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![Diagram of tissue culture propagation of *Rheum coreanum*.](gr1){#f0005}

###### 

Comparison of inducing rate of the callus on different organs of *Rheum coreanum* (*n* = 30).

  Parts of plant   Inducing rate of callus according to kinds and concentrations of plant growth regulators (%)                       
  ---------------- ---------------------------------------------------------------------------------------------- ---- ---- ---- ---- ----
  Stem tip         85                                                                                             80   58   65   12   7
  Leaf             36                                                                                             25   92   30   5    3
  Rhizome          95                                                                                             82   75   80   15   13
  Root top         60                                                                                             73   42   55   16   10

###### 

Effects of different concentrations of 2.4-D and combination with cytokinin on callus growth of rhizome segment (*n* = 30).

  Concentration of plant growth regulators in MS liquid medium/mg/l   Fresh weight of segment[∗](#tblfn1){ref-type="table-fn"}/g, *x *± *s*   Fresh weight of callus/g, *x *± *s*   Multiplication rate/%
  ------------------------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------- -----------------------
  --                                                                  20 ± 1.6                                                                0.2 ± 0.02                            11
  2.4-D 0.1                                                           20 ± 1.5                                                                1.5 ± 0.28                            75
  2.4-D 0.2                                                           20 ± 1.7                                                                3.3 ± 0.45                            158
  2.4-D 0.3                                                           20 ± 1.2                                                                3.0 ± 0.38                            150
  2.4-D 0.5                                                           20 ± 1.4                                                                2.3 ± 0.28                            109
  2.4-D 0.2 + BAP 0.2                                                 20 ± 1.7                                                                2.9 ± 0.26                            140
  2.4-D 0.2 + kinetin 0.2                                             20 ± 1.3                                                                2.6 ± 0.50                            130
  2.4-D 0.2 + kinetin 0.5                                             19 ± 1.4                                                                2.2 ± 0.36                            117

Segment size is 15--20 mm^3^ in capasity.

###### 

Multiplication rate of the callus of *R. coreanum* on generation times.

  Number of generation times   Multiplication rate of callus/%
  ---------------------------- ---------------------------------
  Primary culture              158
  2nd subculture               173
  3rd subculture               152
  4th subculture               165

###### 

Effect of BAP and NAA on shoot formation from callus of *R. coreanum*.

  Concentration of plant growth regulators/mg/l   Number of callus   Number of callus differentiated shoot   Number of shoot/a callus   Number of leaf/a shoot   
  ----------------------------------------------- ------------------ --------------------------------------- -------------------------- ------------------------ ------
  --                                              --                 5                                       --                         --                       --
  1                                               --                 5                                       5                          2--3                     1--2
  2                                               --                 5                                       5                          2--3                     2--3
  1                                               0.2                5                                       4                          2--4                     2--3
  2                                               0.2                5                                       5                          4--5                     3--4
  3                                               0.2                5                                       5                          4--5                     2--3
  1                                               0.5                5                                       3                          3--5                     1--2
  2                                               0.5                5                                       5                          3--4                     1--2
  3                                               0.5                5                                       4                          3--4                     1--2

###### 

Effect of plant growth regulators on root formation of shoot (plantlet) of *R. coreanum*.

  Concentration of plant growth regulators   Inductive rate of root formation/%   Number of root/plantlet   Average length of roots/mm   
  ------------------------------------------ ------------------------------------ ------------------------- ---------------------------- ----
  2.4-D                                      0.2                                  68                        1--2                         12
                                             0.5                                  55                        1--3                         14
                                             1.0                                  47                        1--2                         11
  NAA                                        0.2                                  75                        2--4                         13
                                             0.5                                  91                        3--5                         11
                                             1.0                                  50                        2--3                         15
  IBA                                        0.2                                  74                        2--3                         16
                                             0.5                                  85                        3--3                         18
                                             1.0                                  62                        1--2                         18
  KT                                         0.0                                  35                        1--2                         7
                                             0.5                                  38                        1--2                         7
                                             1.0                                  40                        2--3                         5
  BAP                                        0.2                                  30                        1--3                         5
                                             0.5                                  27                        1--2                         7
                                             1.0                                  23                        1--2                         7

###### 

Combination effect of NAA and IBA on root formation of shoot (plantlet) of *R. coreanum*.

  Concentration of NAA and IBA/mg/l   Inductive rate of root formation/%   Number of root/plantlet   Average length of roots/mm
  ----------------------------------- ------------------------------------ ------------------------- ----------------------------
  NAA 0.2 ± IBA 0.2                   87                                   3--4                      17
  NAA 0.2 ± IBA 0.5                   100                                  3--5                      20
  NAA 0.2 ± IBA 1.0                   94                                   3--4                      18
  NAA 0.5 ± IBA 0.2                   100                                  3--5                      15
  NAA 0.5 ± IBA 0.5                   100                                  3--4                      19
  NAA 0.5 ± IBA 1.0                   78                                   2--3                      17
  NAA 1.0 ± IBA 0.2                   72                                   2--4                      16
  NAA 1.0 ± IBA 0.5                   80                                   3--4                      17
  NAA 1.0 ± IBA 1.0                   67                                   2--3                      15

###### 

Comparison of yields and contents of anthraquinone in crude drug processed from *R. coreanum* produced by different multiplication methods.

  Item                                                           Multiplication method                        
  -------------------------------------------------------------- ----------------------- -------------------- --------------------
  Average dry^1^ weight of crude drug per plant (*n* = 100)/kg   1.08                    0.63                 0.85
  Content of total anthraquinone (free + glycoside)/%            4.56 (0.42 + 4.14)      3.87 (0.38 + 3.49)   3.19 (0.32 + 3.87)
  Content of sennoside/%                                         0.95                    0.84                 0.91

Note: ^1^ Data measured with triennial plant.
